Spring steel wires are extensively utilized in automotive engines valve and suspension applications. Owing to spring often work under high-frequency dynamic loads and periodic alternation stress, nondeformable inclusions often act as fatigue fracture origin of spring steel. The control of inclusions in spring steel for automobile are extensively reviewed. On the one hand, the new perspective on the problems left over the past decades, include the new viewpoint on whether FeO is an inherent constituent of inclusions, the new understanding of the origin of CaO-based inclusions, the new perspective of whether the VD treatment progress should be removed but RH retain, have been discussed. On the other hand, the new approaches, via, calcium treatment, alkali oxide treatment, rare earth treatment, new refractory application, have also been summarized. Finally, the unsolved problems, the source of CaO-based inclusions, the mechanism of alkali metals modified inclusions, the based thermodynamic data for reactions between rare earth yttrium (Y) and non-metallic inclusions, the operability of CaO-containing refractory in industry, that should be explored further are also been discussed.
Introduction
Normally, spring steel with excellent mechanical strength and fatigue resistance is used in spring steel wires for automobile valve and suspensions. [1] [2] [3] [4] [5] The schematic diagram of various spring were shown in Fig. 1 . Owing to spring often work under high-frequency dynamic loads and periodic alternation stress, it must have good fatigue resistant ability, supreme tensile, elastic and yield strengths. The mechanical properties of spring steel mentioned above are significantly effected by the cleanliness of the steel. [6] [7] [8] [9] [10] [11] [12] [13] [14] In particular, primary contributing factors to fatigue fracture are the local stress concentration mainly caused by hard, non-deformable inclusions, such as Al 2 O 3 , MgAl 2 O 4 , mullite and other high alumina inclusions. [15] [16] [17] [18] Figure 2 vividly shows the fracture morphology of spring steel caused by hard inclusions. Therefore, residual inclusions should be controlled with good plasticity, spherical shapes, and low melting temperatures.
Nowadays, with the increasing requirement for good properties of spring steel wire, the cleanliness of steel becoming extremely exact, including the control of [C], 19) [O], 20) [Al], [21] [22] [23] [S], 24) [H], 25) [Si], 26) V 27, 28) element. Moreover, there are many technologies such as deoxidized method, [29] [30] [31] optimizing the refining slag system process, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] optimizing the refining process, optimizing continuous canting process 69) have been researched in order to improve the cleanliness of molten steel.
Consideration of FeO Value in a Consituent of an Inclusion
There are various methods which can be used to evaluate inclusions in steel, such as the two-dimensional (2D) investigation by a cross section of steel samples, [70] [71] [72] chemical etching, [73] [74] [75] and non-aqueous solution elecrolytic extraction methods (named three-dimensional method, via 3D, (b) interior fisheye from subsurface large inclusion. 8) due to the three dimensional morphology of inclusions can be exposed after the steel matrix be fully dissolved). 73, [76] [77] [78] [79] [80] Scanning electron microscopy equipped with an energy dispersive spectrometer (SEM-EDS) and electron-probe X-ray microanalysis (EPMA) are widely used to detect the accurate composition of inclusions in steel. Basically, the frequency of using 3D method is relatively low, because it is time-consuming and inefficient although it can get more accurate composition of inclusions due to it can avoid the interference causing by steel matrix. Owing to the timesaving and high efficiency of 2D method, it is widely applied for analysis of inclusion. However, the steel matrix may cause inevitable interference on the determines chemical composition of inclusions while using 2D method. Therefore, there are discrepancies/ambiguities about how to deal with the content of elements such as Fe and Cr obtained from EDS (or EPMA) results while using 2D method. Bi et al. 81) clarified that an interaction volume of electron beam larger than the inclusions size or it contact with both the inclusion surface and the steel matrix could increase the detected Fe content, as shown in Fig. 3 . Doostmohammadi et al. 80) illustrated the influence of particle diameter on the Fe content in inclusions while using two-dimensional method. The results indicated that the content of Fe in inclusions plunged from 90 wt% at 1 μm to 20 wt% at 10.5 μm particle diameter. These researchers proposed that the content of Fe and Cr should not usually be considered as an inherent constituent of an inclusions. Gram et al. 82) suggested that the content of Fe should be removed to eliminate the contribution of the contribution of the steel matrix during the recalculation of inclusions compositions obtained from EDS results. On the contrary, in other studies, FeO was regarded as a part of inclusions and sometimes constituted a primary component. [83] [84] [85] [86] [87] [88] R. A. Neiser et al. 84) observed FeO inclusions in AISI 1025 steel. D. C. Hilty et al. 85) detected FeO inclusions in molten iron containing aluminum. W. Crafts et al. 86) found FeO inclusions in molten steel containing 0.015 pct Si.
Recently, S. Lyu et al. 89) designed an very clever experiment to verify the existence of trace contents of inherent FeO in the inclusions by using Wavelength-dispersive spectrometry (WDS) and Monte Carlo simulation. In their study, WDS and Monte Carlo simulation of electron trajectories with different acceleration voltages were conducted on the same inclusion in order to verify whether the analyzed FeO was an inherent part of an inclusions or attributable to the influence of the steel matrix. The result indicated that the simulated penetrating depth of electron trajectories with 5 keV was only 0.4 μm in the inclusions, which was much smaller than the diameter of inclusion (as shown in Fig.  4) , it means the Fe observed by L α X-rays probably came from FeO inherent in the inclusions. Therefore, the small amounts of FeO analyzed by EPMA (as shown in Fig. 5 ) were concluded to be inherent components of the inclusions.
The Source of CaO-based Inclusions during Refining Process
There are some different methods of deoxidation for spring steel which will result in different non-metallic inclusions. 59, [90] [91] [92] [93] [94] The first way of deoxidation is to use Si-Fe or Mn-Fe alloys combine with low basicity ratio (R: CaO/SiO 2 ) refining slag. Area A is the aim control range of inclusion component in this method as shown in Fig. 6 . The second way of deoxidation is to use aluminum combine with high basicity ratio refining slag., then, area B is the aim area. The third method is pre-deoxidation by aluminum followed by barium alloy deoxidation. It's obviously that, the main kind of system inclusion in both first method and second method is CaO-based inclusions.
The Source of CaO-based Inclusions in Si-deoxidized
Spring Steel There are three different views on the source of CaObased inclusions in bar and wire of special steels (spring steel, tire cord steel and saw wire steel) that deoxidize by the first method. Some researchers 37, [95] [96] [97] proposed that CaO-based inclusions were sourceated from interactions between refining slag and molten steel. This view is not very convincing because the content of Ca in molten steel is usually so low and can be lower than 0.0001 wt% 98) that the reaction is difficult to occur. Whereas other researchers [99] [100] [101] suggested that CaO-based inclusions were completely come from the entrapped slag particles. This view can not perfectly explain some observed phenomena in inclusions. For example, alumina content in CaO-SiO 2 -Al 2 O 3 -(MgO) inclusions is usually higher than that in the refining slag. In addition, CaO-SiO 2 -Al 2 O 3 -(MgO) system inclusions always contain a small amount of MgO.
Recently, S. Lyu et al. 102, 103) proposed a new interpretation about this issue through studied the change of the mass ratio of X (CaO) /X (SiO2) for CaO-SiO 2 inclusions in spring steel from vacuum degassing (VD) to tundish (TD) to hot rolling (HR) process. Then, they suggested that the formation and evolution of CaO-SiO 2 inclusions experienced two step as illustrated in Fig. 7 . First, refining slag was entrapped into molten steel resulting as extraneous particles. Second, CaO-SiO 2 particles collided with deoxidization products SiO 2 particles and merged to a whole. For large CaO-SiO 2 inclusions, the increased SiO 2 content by collision have a slightly influence; however, the improved SiO 2 content by collision have a significantly influence for small CaO-SiO 2 inclusions. This interpretation can not ruled out the possibility that CaO-based inclusions were direct came from interactions between refining slag and molten steel, especially when CaO-based inclusions with small size. 
The Source of CaO-based Inclusions in Al-
deoxidized Spring Steel Al 2 O 3 is the main deoxidation products in Al killed spring steel, which has the worst impact on fatigue life, thus, this kind of deoxidization process is not used frequency, and the corresponding research is not very rich. There are two kind of interpretation about the source of CaO-based inclusions in Al-deoxidized spring steel. Most of the researchers 38, 51, 60, [102] [103] [104] [105] [106] [107] [108] suggested that CaO-based inclusions were came from interactions between refining slag and liquid steel due to the strong reducibility of [Al]. This interpretation cannot explain why the mass ratio of X (Al2O3) /X (CaO) of CaO-based inclusions decreased sharply with the size of inclusions increasing. Recently, S. Lyu et al. 109) proposed that CaO-based inclusions were come from the entrapped refining slag. In details, emulsified top slag were entrapped into molten steel and formed exogenous Al 2 O 3 -CaO-SiO 2 particles. Then, SiO 2 in the inclusions was further reduced by [Al] in molten steel due to the reducibility of [Al] is much stronger than that of [Si] as shown in Fig. 8 . This interpretation neither can ruled out the possibility that CaO-based inclusions were direct came from interactions between refining slag and molten steel. Moreover, it cannot explain why T.O content in molten steel decreased with the basicity ratio (R: CaO/SiO 2 ) of slag increasing.
Tracer method is often used to determine the source of typical inclusions and there have many successful experiences in the past. [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] We suggest that the source of CaObased inclusions may could be clarified on this way.
Influence of Alkali Metals on Inclusions in Spring Steel
Alkali metals have already been used as deoxidizer in steelmaking 120) in 1991 year (may be earlier). However, the influence of alkali metals on inclusions in spring steel have not been studied until Sakamoto et al. [121] [122] [123] [124] [125] [126] did some research in 2005. Sakamoto et al. found that the use of alkali metals as deoxidizer could improve the cleanness of spring steel dramatically. Moreover, alkali oxides Li 2 O, Na 2 O and K 2 O can descend the melting point of complex oxide inclusions significantly at the same time. As a result, the fatigue life of spring steel increased sharply. Owing to the active chemical properties of alkali metals, the append-insert rows of alkali metals should be chosen carefully. In details, it may could be fed into molten steel in the form of alkali metal carbonate, silicate and silicon-based alloy during the refining process. Kobe Steel 123) explore the effect of Li on non-metallic inclusions and fracture ratio of spring steel, the result was shown in Table 1 and Fig. 9 . It is obviously that, the amount of Li should be controlled at a limited range. Sakamoto et al. suggested that the optimal amount range of alkali metals (Li, Na, K) is about 0.02 × 10 − 6 wt% to 20 × 10 − 6 wt% (0.02 to 20 ppm). Nevertheless, the mechanism of alkali metals on non-metallic inclusions in spring steel have not been revealed.
Based on Sakamoto's research, Chen et al. 127, 128) did some research in laboratory using a graphite tube resistance furnace to investigate the mechanism of Na 2 CO 3 on inclusions in Al-deoxidized spring steel. After Al-deoxidization, Na 2 CO 3 (AR, 99.9%) power was added into molten steel to modified inclusions. The results indicated that hard inclusions with high melting temperature such as Al 2 O 3 (2 054°C) and MgO·Al 2 O 3 (2 135°C) can be modified into Na 2 O-containing inclusions with lower melting temperature, as shown in Fig. 10 . Chen et al. propose a hypothesis to explain how Na 2 CO 3 modified Al 2 O 3 and MgO·Al 2 O 3 inclusions, it can be described briefly as follows: (i) Step 1:
[Al] will react with Na 2 CO 3 in molten steel through reaction 3Na 2 
Step 2: [Na] will modified Al 2 O 3 and MgO·Al 2 O 3 into Na 2 O-containing inclusions. The total procedure was shown in Fig. 11 .
Even so, the reaction in "Step 1" was just a hypothesis but was not supported by any literatures. In addition, there are still some questions which should be explore further: (i) Mechanism of inclusion modification by other alkari such as LiF, NaSiO 2 . (ii) Owing to the volatility of R 2 CO 3 (R = Li, Na, K) and the extreme high vapor pressure of R (Li, Na, K, Ca, Mg), the operation of the methods that proposed by Sakamoto et al. [121] [122] [123] [124] [125] [126] may be not feasible. Besides, Z. H. Jiang et al. [129] [130] [131] [132] [133] studied effect of R 2 O (R = Li, Na, K, Rb, Cs) on inclusion removal in C96V saw wire steels using low-basicity LF (ladle furnace) refining slag. The results indicated that, R 2 O-containing (R = K, Rb, Cs) low-basicity LF refining slag can improve the cleanness of saw wire steel significantly when the content of R 2 O (R = K, Rb, Cs) less than 10 wt%. Owing to the composition of low-basicity LF refining slag system used for smelting spring steel is close to that used for smelting saw wire steel, we propose that this method can be applied for spring steel. 
Adding Alloy into Molten Steel to Modified Inclusions in Spring Steel

A New Perspective of Calcium Treatment on Inclusions in Spring Steel
Generally, the main propose of calcium treatment is to modified hard inclusions such as Al 2 O 3 , MgO·Al 2 O 3 and SiO 2 into complex oxide inclusions with low melting temperature, it has already been applied for automobile spring steel in 1987 year 135) (may be earlier). In recent years, with the increasing requirement for cleanliness of spring steel, calcium treatment technology has been paid more and more attention. However, there are still some controversies over the advantages and disadvantages of calcium treatment of modified inclusions. Some researchers 108, 135, 136) suggested that calcium treatment can improve the cleanliness and fatigue life of spring steel significantly. He et al. 108) found Al 2 O 3 can be modified into 12CaO·7Al 2 O 3 completely when the content of [Al] and [Ca] was 0.03 wt%, > 0.0034 wt% respectively. Zhang et al. 136) obtained the result that MgO·Al 2 O 3 inclusions in 51CrV4 spring steel can be transformed into liquid complex oxide inclusions completely when [Ca] content more than 0.0035 wt%.
Nevertheless, there are still some objections. Tang et al. 137) found that calcium treatment cannot entirely modify large size MgO·Al 2 O 3 spinel inclusions into homogeneous CaO-MgO-Al 2 O 3 inclusions, but formed a liquid CaO·Al 2 O 3 layer on its surface. Moreover, CaS (2 450°C) is easy to formation while the content of S in molten steel is more than 0.0070 wt%. They summarized four pos- 138) studied the effect of calcium treatment on high SiO 2 -containing hard inclusions in Si-deoxidized 55SiCr spring steel, the result indicated that the composition distribution of inclusions in SiO 2 -CaO-Al 2 O 3 ternary phase diagram is more concentrated, but it deviates from the low melting area, as shown in Fig. 13 . In addition, the size of inclusions increased gently with the increasing of Ca content. Besides, the large size CaO-SiO 2 inclusions with more than 60 μm deteriorate the fatigue properties of spring steel due to it is difficult to remove. Yang et al. 139) thought that the appropriate calcium treatment was difficult to be controlled, if the [Ca] content in molten steel with improper calcium treatment increased too much or was too less to spread, instead, it would lead to the formation of CaS (2 450°C The reason for the above controversy is that there are still many unsolved problems and misunderstanding about calcium treatment modified inclusions in spring steel. (i) Modified inclusions by calcium treatment is not a panacea, whether or not calcium treatment process is needed depends on the smelting process of spring steel. The main kinds of inclusions are SiO 2 -MnO-Al 2 O 3 with low melting temperature in spring steel that deoxidized by Si-Fe or Mn-Fe alloys combine with low basicity ratio (R: CaO/SiO 2 ) refining slag. Thus, calcium treatment may not necessary to be carried out due to there are hardly any hard inclusions.
(ii) The adding method of Ca-containing alloy should be chosen carefully. Different ways of adding calciumcontaining alloys will lead to different yields of calcium, and determine whether the final amount of calcium in steel is too much or too little. Only by solving this problem can Yang's 139) confusion be eliminated.
(iii) Accurate thermodynamic calculation of calcium addition. Reasonable calcium feeding amount is closely related to the total oxygen content, the composition of original inclusion (especially the content of Al 2 O 3 and MgO·Al 2 O 3 ), the composition of molten steel (especially the Besides, there are some misunderstanding about using calcium treatment to modified inclusions in spring steel, as follows:
(i) The first misunderstanding is that liquid inclusions are easier to be removed at the steel slag interface. Whether inclusions can be removed completely through the steelslag interface is closely related to the interfacial tension and contact angle between molten steel and slag phases and inclusions. Ling 141) studied the variation of the removal of inclusions with different composition and time from the molten steel in the continuous casting tundish as shown in Fig. 14. The result indicated that the removal speed of inclusions is ranked from slow to fast as follows: liquid 12CaO·7Al 2 O 3 , solid SiO 2 , Al 2 O 3 . This is due to the fact that the contact angle between 12CaO·7Al 2 O 3 and molten steel is the smallest, less than 90 degrees (as shown in Table  2 ), and the liquid steel film between slag phase and inclusion phase is not easy to crack.
Therefore, the number of large size inclusions with low melting point composition in steel may increased after calcium treatment although this process can reduce the number of hard inclusions and the frequency of nozzle clogging during continuous casting. Moreover, it is difficult to judge whether the deformation ability of such inclusions with low melting point composition is really better than hard inclusions in rolling and drawing process, this issue will be discussed further below.
(ii) The second misunderstanding: the lower the melting point of inclusion, the better its deformation ability during rolling and cold drawing process. This issue have been reviewed by our previous work. 142) In summary, the composition of inclusions should be controlled in the region with a high SiO 2 content and extremely low Al 2 O 3 content (but not the low melting temperature area) due to that the deformability of inclusions at low temperature (during drawing process) is the best.
Therefore, the effect of calcium treatment on inclusions modification can not be denied arbitrarily until the above problems and misunderstanding are solved completely.
Using Rare Earth to Modify Inclusions in Spring
Steel Owing to the strong ability of deoxidization and desulphurization of rare earth, it have been used to treated spring steel. 108, 135, [143] [144] [145] [146] [147] [148] The recent advance research on the effect of rare earth modify inclusions in spring steel was done by professor Lai et al. [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] They studied the effect of rare earth yttrium (Y) on inclusions in spring steel, the result indicated that Al 2 O 3 inclusions was transformed to YAlO 3 . In addition, the main inclusions are Y 2 O 3 , Y 2 O 2 S, Y 2 S 3 and the average diameter of inclusions decreased sharply after modified by rare earth yttrium (Y). The reactions may occurred are shown as (1)-(3). However, there are still some important issues that should be explore further: the thermodynamic study on the modification of inclusions in spring steel by rare earth yttrium (Y) is really rare. Especially, there are no any literatures that have been reported about the based thermodynamic data for reactions (1)-(3).
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Roll of Vacuum Degassing (VD) for the Quality of Spring Steel
The production and process of spring steel in domestic and international steel plants were shown in Table 3 . It is obviously that, the vacuum degassing (VD) is mainly used in Chinese steel plant. However, the quality of spring steel produced by Chinese steel plants were often inferior to those of the more advanced steel plant in another country according to many researchers. [152] [153] [154] [155] [156] [157] Li et al. 158) proposed that RH vacuum treatment process is more advantageous than VD vacuum treatment process in the removal efficiency of inclusions for spring steel. In details, the size of inclusions in spring steel that produced by RH is smaller than that by VD. In addition, the number of inclusions in spring steel that produced by RH is less than that by VD. Jiang et al. 159) found that the content of O, N and [Al]s in spring steel that produced by RH were lower than that by VD. Similar phenomenon have also been found during the process of tire cord steel making. 160, 161) The main reason is there was a strong tendency of Al pick-up during the VD treatment.
Therefore, we can not help doubting whether the gap in quality of spring steel between China and another country was caused by the adoption of VD process in Chinese steel plants. Moreover, should the process of vacuum degassing (VD) be removed but RH retain if the guess is correct ? It should do some experiment and industrialization test to solve this puzzle.
New Types of Refractory Used in the Smelting Process of Spring Steel
Few research has been done on the effect of refractories on inclusions in spring steel, especially in the past decade. We summarized the relevant research on this issue in resent 
Effect of Heat Treatment on Inclusions in Spring Steel
The influence of heat treatment on inclusions has received little attention although this phenomenon has already been reported in 1967 year 166) (may be earlier). It's about 40 years later, Takano et al. 167) studied the effect of heat treatment Table 3 . The production process and equipment of spring steel in steel plant.
No. Steel Plant
The production process and equipment of spring steel Reference The types of refractories studied by experiments are relatively single. 2017 162) S. Lyu et al.
1
MgO
CaO·6Al2O3 crucible is the best material for smelting 55SiCr spring steel.
The effect mechanism of refractories on composition of inclusions in 55SiCr spring steel have not been elaborated. on inclusions in 17Cr-9Ni stainless steel. After that, this issue been paid more and more attention, and many relevant research results have been published one by one. [173] [174] [175] [176] [177] [178] [179] [180] [181] However, spring steel has been regarded as object until Zhang et al. 175) did some research in recent years, the results was shown in Fig. 15 . The experimental steel was deoxidized by Al-Si, the main inclusions before heat treatment were Al 2 O 3 -SiO 2 system, the content of CaO was very low. It is obviously that, the content of Al 2 O 3 increased markably after 60 minutes of heat treatment (stained at 1 400°C and protected by high purity argon atmosphere), the composition of inclusions moved to the Al 2 O 3 corner of Al 2 O 3 -SiO 2 -CaO ternary phase diagram. They suggested that SiO 2 and CaO in inclusions was reduced by Al element. The results of thermodynamic calculation by using Fact-sage are in good agreement with the experimental phenomena. However, the author did not give any more interpretation about the mechanism of the effect of heat treatment on inclusions in spring steel.
There are still many issues should be explore further: (i) the effect of temperature and time of heat treatment on inclusions have not been studied; (ii) The complete thermodynamic conditions for the reaction of solid steel matrix with oxide inclusions need to be further improved. (iii) The kinetic model of the reaction between steel matrix and oxide inclusions needs to be established.
Conclusions and Outlooks
The control of inclusions in spring steel for automobile are extensively reviewed. On the one hand, the new viewpoint on the unsolved problems left over the past decades, include the new perspectives on whether FeO is an inherent constituent of inclusions, the new viewpoint of the source of CaO-based inclusions, the new understanding of whether the VD treatment progress should be removed, have been summarized. On the other hand, the new research approaches, via, calcium treatment, alkali oxide treatment, rare earth treatment, new refractory application, have also been discussed.
Nevertheless, there are still some unsolved problems should be explored further:
(1) The source of CaO-based inclusions should be explored further. We suggest that tracing method may a good way to solve this problem.
(2) About alkali oxide treatment: (i) The mechanism of alkali metals such as LiF, NaSiO 2 modified inclusions should be clarified further; (ii) The operational adding method of alkali metals must be researched owing to the volatility of R 2 CO 3 (R = Li, Na, K) and the extreme high vapor pressure of R (Li, Na, K, Ca, Mg); (iii) Suitable slag with low basicity containing R 2 O (R = K, Rb, Cs) for smelting spring steel.
(3) Necessity of calcium treatment for smelting spring steel.
(4) The based thermodynamic data for reactions between rare earth yttrium (Y) and non-metallic inclusions, such as Al 2 O 3 , should be studied further;
(5) Roll of vacuum degassing (VD) for the quality of spring steel.
(6) Optimization of ratio (MgO/CaO) for CaO-containing refractory. Solution for the problem that CaO-containing refractory absorbs moisture. Fig. 15 . Variation of the removal of inclusions with composition and time from the molten steel in the continuous casting tundish. 177) 
